We have screened a cDNA library constructed from tendon fibroblast mRNA for the presence of collagenous coding sequences. Nucleotide sequence analysis of one isolated clone, pMG377, reveals that the clone encodes a polypeptide that is homologous to, yet distinctly different from, type IX short-chain collagen polypeptides. The structure of the conceptual translation product of the cDNA is also different from that of all other collagen types. Therefore, we The extracellular matrix components classified as collagens on the basis of their triple-helical domain constitute a heterogeneous group of proteins with a variety of molecular structures and interaction properties. Within this group, the fibrillar collagens I, II, III, and V form characteristic "quarter-staggered" fibrils in connective tissues (for a review, see ref. 1). However, types IV, VI, VII, VIII, IX, and X collagens do not form these kinds of fibrils and have molecular structures distinct from those of fibrillar collagens. We have isolated genes encoding the polypeptides of types IX and X collagens, and we have found that the genes for these two "short-chain" collagens also have an exon structure that is clearly distinct from that of fibrillar collagen genes (2, 3).
gle-stranded cRNA probes demonstrate that cl(XII) mRNA is present in several tissues such as calvaria, tendon, and sternal cartilage of 17-day-old chicken embryo and in cornea from 6-day-old embryos. Using pMG377 as the hybridization probe, we isolated a fragment of the corresponding gene from a chicken genomic library. Partial nucleotide sequence analysis of the genomic clone DG12 shows that the exon/intron structure of the cdl(XII) collagen gene appears to be homologous to that of the r1(IX) and xi2(IX) collagen genes. Our data demonstrate that types IX and XII collagen are two homologous members of a family of unique collagenous proteins that show tissue-specific patterns of expression. Based on their structure and the properties of their genes, we conclude that this family of collagens is distinctly different from that of fibrillar collagens.
The extracellular matrix components classified as collagens on the basis of their triple-helical domain constitute a heterogeneous group of proteins with a variety of molecular structures and interaction properties. Within this group, the fibrillar collagens I, II, III, and V form characteristic "quarter-staggered" fibrils in connective tissues (for a review, see ref. 1) . However, types IV, VI, VII, VIII, IX, and X collagens do not form these kinds of fibrils and have molecular structures distinct from those of fibrillar collagens. We have isolated genes encoding the polypeptides of types IX and X collagens, and we have found that the genes for these two "short-chain" collagens also have an exon structure that is clearly distinct from that of fibrillar collagen genes (2, 3) .
Although the function of type IX collagen in extracellular matrices is not known, some intriguing structural characteristics of this collagen are known. First, the molecules do not contain one long triple-helical domain like fibrillar collagens but instead are composed of three triple-helical domains interspersed with noncollagenous domains (4) . Second, type IX collagen contains a sulfated glycosaminoglycan side-chain covalently attached to the polypeptide subunit designated the a2(IX) chain. This gives type IX collagen a proteoglycan character (5) (6) (7) (8) .
cDNA probes corresponding to the al(IX) and a2(IX) chains (9, 10) have been used to demonstrate that type IX collagen mRNAs are expressed in a tissue-specific manneri.e., they are expressed by chicken embryo chondrocytes but not by chicken embryo fibroblasts (9, 11) . However, tendon fibroblasts do contain mRNAs capable of synthesizing bacterial collagenase-sensitive polypeptides that are similar in size to type IX polypeptides (11) . To explore the nature of these polypeptides in detail, we have screened a cDNA library constructed from tendon fibroblast mRNA for the presence of collagenous coding sequences. Here we report on the isolation and characterization of one such clone, pMG377. Nucleotide sequence analysis reveals that the clone encodes a collagenous polypeptide that is homologous to, yet distinctly different from, type IX collagen polypeptides synthesized by chondrocytes. The structure of the conceptual translation product of pMG377 is different from that of collagens I-X and type XI (la, 2a.) chains. Therefore, we have given the type IX-like collagen chain encoded by pMG377 the designation al(XII). Ribonuclease protection assays using cRNA derived from pMG377 as probe show that al(XII) mRNA is present in several tissues, such as calvaria, tendon and sternal cartilage of 17-day-old chicken embryos, and cornea from 6-day-old embryos.
To investigate the homology between the genes encoding types XII and IX collagen, we used pMG377 as a hybridization probe to isolate a fragment of the corresponding gene from a chicken genomic library. Partial nucleotide sequence analysis of the genomic clone DG12 demonstrates that it encodes part of the al(XII) collagen chain and that the exon/intron structure of the gene appears to be homologous to that of the al(IX) and a2(IX) collagen genes.
Our results demonstrate that types IX and XII collagen are members ofa family ofunique collagenous proteins that show tissue-specific expression and are distinctly different from fibrillar collagens.
MATERIALS AND METHODS
Isolation of RNA, Cell-Free Translations, and cDNA Synthesis. Total RNA from 6-day-old chicken embryo cornea and from 15-or 17-day-old tendons, sterna, and calvarial bones was isolated by using the guanidine thiocyanate method (12) as adapted by Maniatis et al. (13) . Poly(A)+ RNA, obtained by oligo(dT)-cellulose chromatography (14) , was fractionated by centrifugation through low-salt sucrose gradients (15 (9) . After electrophoresis at 300 V through 10% polyacrylamide gels, the gels were exposed to x-ray film to determine which cDNAs exhibited the Sau96I "ladder" pattern typical of collagens. Southern blots (19) of these Sau96I-positive cDNAs were hybridized to al(I) and a2(I) nick-translated probes by the sarkosyl method (20) . The pMG377 cDNA insert, which did not hybridize to type I collagen probes, was mapped with restriction enzymes and subjected to nucleotide sequence analysis (21) .
RNase Protection Assays. The two Ava I fragments of the pMG377 insert were cloned into pSP64 and pSP65 vectors (shown in Fig. 4 ). Complementary RNAs were transcribed (22) from linearized pSP6 plasmids and from a pSP62 plasmid containing DNA corresponding to the C-propeptide region of chicken a2(I) collagen and from a pSP62 plasmid containing DNA from the a2(IX) cDNA, pYN1731 (10). The transcribed cRNAs, which were labeled to a high specific activity with 32P-labeled nucleotides (23) , were hybridized to 50 ,ug of total RNA from various chicken embryonic tissues. After hybridization in 80% formamide/0.4 M NaCl/40 mM Pipes buffer, pH 6.4/1 mM EDTA at 45°C (24) for 8-10 hr, the RNARNA hybrids were digested with RNases A and T1 (24) at 30°C for 30 min. After further processing of the samples as described (25) , the samples were electrophoresed through 4% denaturing polyacrylamide gels, which were dried before exposure to x-ray film.
Screening of the Chicken Genomic DNA Library. The insert of pMG377, isolated from a Pst I digest of the plasmid DNA by preparative agarose gel electrophoresis, was labeled by nick-translation and used as the probe to screen a chicken genomic library. This library was constructed by using chicken genomic DNA fragments generated by partial EcoRI digestion and cloned in the bacteriophage X Charon 4A vector (unpublished work). Filters were screened with the hybridization probe in the presence of sarkosyl. Phage purification and recombinant DNA isolations were performed as described elsewhere (13) .
Construction of Plasmid Genomic Subclones. The DNA of the recombinant genomic clone DG12 was digested with EcoRI. The resulting fragments were inserted into the EcoRI site of pBR322, and isolated subclones were characterized by restriction endonuclease analysis and Southern blotting. For nucleotide sequence analysis, restriction endonuclease fragments of the genomic subclone pDG30 were inserted in both orientations into M13mpl8 and M13mpl9 by standard techniques and were sequenced (26) .
RESULTS AND DISCUSSION
Cell-free translations of mRNA isolated from 15-and 17-dayold chicken embryonic tendons showed that it directed the synthesis of type I preprocollagen chains as well as short bacterial collagenase-sensitive polypeptides that migrated between the 92.5-kDa globular molecular mass marker and the a2(I) preprocollagen chain (data not shown). To obtain further enrichment of the mRNAs specific for the short collagenous polypeptides and to separate such mRNAs from those of type I preprocollagen, tendon mRNAs were sizefractionated by centrifugation through a sucrose gradient. RNA recovered from the fractions of this gradient were translated in Amersham's rabbit reticulocyte cell-free system and analyzed by NaDodSO4/PAGE. The results (Fig. 1) clearly showed that mRNAs specific for the short (-100 kDa) collagenous polypeptides could be separated from the mRNAs of type I preprocollagen. The results also suggested that the short collagenous polypeptides did not represent premature terminations of translations of larger collagenous (i.e., type I procollagen) mRNAs.
Sucrose-gradient fractionated mRNA was used to construct a cDNA library with pBR322 as vector. The library was screened by a combination of procedures. (i) Approximately 1000 cDNAs were isolated on a small scale ("minipreps"), digested with the restriction endonuclease HindIl, and analyzed by electrophoresis in 1.5% agarose gels to determine the approximate size of the recombinant plasmid DNAs. (ii) Seventy-seven plasmids had inserts of 500 base pairs (bp) or larger and were chosen for digestion with the restriction endonuclease Sau96I. Due to the Gly-Pro-Xaa repeats, cDNAs corresponding to collagens contain frequent GGN-CCN codons. Sau96I cleaves at GGNCC and, therefore, digests collagen cDNAs to fragments that are multiples of 9 bp. Of the 77 clones, 10 produced the Sau96I ladder pattern typical of collagen cDNAs, as seen by electrophoresis on acrylamide gels (Fig. 2) . One of these clones, pMG377, is described here. pMG377 was digested with EcoRI and HindIl for electrophoresis through 1.5% agarose gels, blotted onto nitrocellulose, and probed with nick-translated al(I) and a2(I) cDNA probes. The results showed that it did not hydridize to type H20 6 +c 7 -c 8 +c 9 Fig. 2 ; the result of the sequence analysis is shown in Fig. 3 . The conceptual translation product encoded by the insert of pMG377 proved to be unlike any other known collagen and displayed several unique characteristics: (i) a Fig. 3 ] was compared to those of type IX chains (Fig. 3) Because of the similarity to type IX collagen, the tissue distribution of the pMG377 mRNA was studied. Blot-hybridization analysis of embryonic tendon, calvarial, sternal, and corneal mRNAs with the nick-translated pMG377 insert did not show hybridization to any distinct mRNA species, even after long exposures to x-ray film. This suggests that the mRNA corresponding to pMG377 is not very abundant. Because of their higher sensitivity, RNase protection assays were used to determine the tissue distribution of the pMG377 mRNA. Ava I fragments of the pMG377 insert DNA were cloned into the SP6 vectors to synthesize a radiolabeled cRNA probe of high specific activity (Fig. 4 Upper). The cRNA probes were hybridized to 17-day-old chicken embryo calvarial, sternal, and tendon mRNA as well as to 6-day-old corneal mRNA. The pMG377 cRNA probes are protected by a completely complementary mRNA species present in calvaria, cornea, tendon, and sterna as determined by the size of the protected cRNAs (Fig. 4 Lower). Since this rules out cross-hybridization to type IX mRNAs, we have desig- nated the protecting mRNA as al(XII) mRNA in Fig. 4 . By comparing the intensity of the bands seen with the pMG377 and a2(I) cRNA probes, we estimate that the a2(I) mRNA is 100-1000 times more abundant in tendon and calvaria than the pMG377 mRNA. The presence of type IX collagen mRNA in sternal cartilage has previously been demonstrated by RNA blot analysis (9) . With this technique, calvarial RNA did not appear to contain type IX collagen mRNA (9) . To make a meaningful comparison between the tissue distributions of type XII and type IX mRNAs, we determined levels of type IX mRNA with RNase protection assays using cRNA probes also. As shown in Fig. 4 , an a2(IX) cRNA probe was protected by sternal cartilage RNA but not by RNA from liver, calvaria, or tendons. Therefore, we conclude that type IX and XII collagen mRNAs are indeed expressed differently in different tissues. The detection of al(XII) mRNA in embryonic tendons, calvaria, corneae, and sterna shows that type XII collagen mRNA is expressed in these tissues. However, since all of these tissues contain more than one cell type, we cannot make conclusions about the cell-specific expression of the mRNA. Obviously, in situ hybridization with type XII collagen probes will be needed to address questions about which cells express the mRNA.
To further explore the similarity between the collagen encoded by pMG377 and type IX collagen, we used the cDNA to screen a genomic library. This led to the isolation of a genomic clone, DG12, containing a 13.7-kilobase (kb) genomic fragment. Partial nucleotide sequence analysis of a 3.1-kb subclone called pDG30 showed that DG12 represents a portion of the gene that codes for the al(XII) mRNA (Fig.  5) . The sequence analysis also showed that the position of the intron between exons 1 and 2 (as counted from the 3' end) of the al(IX) and a2(IX) genes is conserved in DG12 (Fig. 5) . However, within the region that codes for the NC1 domain, DG12 contains an intron that is not found in the type IX collagen genes, suggesting that exon 1 in the type IX genes is represented by at least two exons in the homologous DG12 collagen gene.
What is the identity of the collagen encoded by the cDNA pMG377? Based on the homology between the pMG377 translation product and type IX collagen chains, we suggest that pMG377 codes for one of the polypeptide subunits of a molecule that shares some of the characteristics of type IX collagen. Whether this molecule would contain three distinct polypeptide subunits, of which the pMG377-encoded polypeptide is one, is as yet unknown. Also, until the protein is identified and isolated, it cannot be known whether it contains, like type IX collagen, a covalently bound glycosaminoglycan chain. However, based on the homology between the COL1 region of al(IX) and a2(IX) chains and the pMG377-encoded polypeptide, we believe that each polypeptide of the molecule would contain three triple-helical (10) . (Lower) Autoradiograph of probes protected by 17-day-old chicken embryonic calvarial, sternal, tendon, and 6-day corneal total RNA. A 106-cpm cRNA probe was used for each hybridization. Probes are indicated above the six sets of lanes. Fifty micrograms of the following chicken embryonic total RNA was used: 17-day liver (lanes L), 17-day calvaria (lanes Ca), 6-day cornea [not used with a2(IX) probe] (lanes Co), 17-day sterna (lanes S), and 17-day tendon (lanes T). The time of exposure to film for the a2(I) and a2(IX) cRNA lanes is 0.1 that of the exposure for the lanes of the other four cRNAs; however, even when the film was exposed 10 times longer, no bands were seen with the a2(IX) probe in the calvarial and tendon RNA lanes. Lane OX is as in Fig. 2 (27) . Although the reported cysteine content is much higher in the bovine preparation than in the chicken embryo peptide, it is possible, given the species difference, that the two fragments are homologous and that they represent a portion of type XII collagen. In fact, amino acid sequencing of a tryptic peptide, 13-amino acid residues long, derived from the 10-kDa pepsin-resistant fragment isolated by Dublet and van der Rest, shows complete identity with the amino acid sequence predicted from the nucleotide sequence of pMG377 (unpublished observations). Therefore, chicken (2) . Imperfections in the Gly-Xaa-Yaa triplet structure v are underlined. Exon/intron junctions are -CCA G gtindicated by arrowheads. The numbers above the sequences are the amino acid codon numbers previously published for 530 nt to end of gene the al(IX) cDNA pYN1738 (9) .
